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Sulfhydryl Compounds May Mediate Gastric Cytoprotection

Abstract. Ethanol induces hemorrhagic gastric erosions and causes a dose-
dependent decrease in the concentration of nonprotein sulfhydryl compounds in rat
gastric mucosa. Sulfhydryl-containing drugs protect rats from ethanol-induced
gastric erosions, whereas sulfhydryl blocking agents counteract the mucosal cyto-
protective effect of prostaglandin F,g. These observations suggest that endogenous
nonprotein sulfhydryls may mediate prostaglandin-induced gastric cytoprotection
and that sulfhydryl drugs may have potential for preventing or treating hemorrhagic

gastric erosions.

Severe stress or ingestion of ethanol,
aspirin, and other nonsteroidal anti-
inflammatory agents are predisposing
causes of acute hemorrhagic gastric ero-
sions in humans (/). Whereas chronic
ulcers with inflammation usually occur
in the antral or duodenal mucosa and
penetrate the mucosal muscle to involve.
deeper layers, hemorrhagic gastric ero-
sions primarily involve the acid-produc-
ing portion of the stomach, are limited to
the mucosa, and cause little or no sur-
rounding inflammation (2). Morphologi-
cally identical superficial erosions can be
consistently induced in the acid-secret-
ing glandular stomach of laboratory ro-
dents by intragastric administration of
ethanol and aspirin (3).

Erosions of the rat gastric mucosa
induced by noxious substances (such as
ethanol and aspirin) are fewer and less
severe if prostaglandins are first adminis-
tered. This effect, termed cytoprotection
(4), is shared by virtually all prostaglan-
dins (types A, B, C, D, E, F, and I);
inhibition of acid secretion is not in-
volved. The dose of prostaglandins re-
quired for cytoprotection is much small-
er than that required for inhibition of
acid secretion. Furthermore, some pros-
taglandins that do not inhibit acid secre-
tion (such as prostaglandin F,g) induce
cytoprotection (4).

The mechanism of cytoprotection is
unknown (4, 5). Gastric mucus glycopro-
teins may play a role (4). Tissue injury
produced by noxious agents may result
in the accumulation of toxic free radicals
in mucosal cells. The gastric mucosa
contains unusually high concentrations
of reduced glutathione (6), the major
component of the endogenous nonpro-
tein sulfhydryl pool. Thiols such as re-
duced glutathione are able to bind reac-
tive free radicals (7) and may influence
the physical properties of mucus, since
its subunits are joined by disulfide
bridges (8). Boyd et al. (6) reported that
diethylmaleate, an agent that markedly
depletes gastric glutathione, causes se-
vere gastric ulceration, suggesting a pos-
sible modulatory role for glutathione in
ulcerogenesis. We performed a series of
experiments to determine the effects of
ethanol, thiols, and sulfhydryl blocking
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agents on mucosal nonprotein sulfhy-
dryls and on gastric cytoprotection. We
found that ethanol lowers the concentra-
tion of nonprotein sulfhydryls in gastric
mucosa, that thiols induce gastric cyto-
protection while increasing nonprotein
sulfhydryl levels, and that sulfhydryl
blocking agents prevent the cytoprotec-
tive effect of prostaglandin F,s and de-
crease nonprotein sulfhydryl levels.

In the first experiment, female
Sprague-Dawley rats (150 to 200 g) on a
diet of Purina Lab Chow and tap water
were fasted overnight, given 1 ml of
water or various concentrations of etha-
nol by gavage (Fig. 1), and Kkilled §
minutes later (9). (This interval was se-
lected since major mucosal lesions do
not appear during the first 5 minutes
after exposure to ethanol.) Mucosa from
glandular stomach and part of the left
lobe of the liver were rapidly removed,
weighed, and frozen for subsequent ho-
mogenization and measurement of pro-
tein and nonprotein sulfhydryl concen-
trations (10).

The concentration of nonprotein sulf-
hydryls in the gastric mucosa decreased
significantly after only 5 minutes of ex-
posure to 50 or 70 percent ethanol (Fig.
1). Exposure to 100 percent ethanol
caused even more severe depletion. In
contrast, liver nonprotein sulfhydryls
(Fig. 1) and protein sulfhydryls in liver
and gastric mucosa were unchanged S
minutes after intragastric administration
of ethanol at each of the test concentra-
tions.

Gastric washings collected before the
administration of ethanol contained only
trace amounts of nonprotein sulfhydryls;
5 minutes after 100 percent ethanol was
administered, the amount of nonprotein
sulfhydryls removed from the gastric lu-
men more than doubled (235 percent).
This may represent leakage of nonpro-
tein sulfhydryls from remaining mucosal
cells or nonprotein sulfhydryls present in
mucosal cells that were exfoliated into
the lumen as a result of ethanol adminis-
tration.

In the second study, rats received
prostaglandin F,g (0.05 mg per 100 g, by
gavage) or one of several sulfhydryl-
containing drugs including dimercaprol
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(3 mg, intramuscularly) cysteamine hy-
drochloride (30 mg, by gavage), 2,3-di-
mercaptosuccinic acid (60 mg, by ga-
vage), or penicillamine (60 mg, by ga-
vage). After 30 minutes absolute ethanol
(1 ml) was administered intragastrically
by gavage; the animals were killed 1 hour
later. Other rats received one of two
sulthydryl blockers, iodoacetamide (10
mg, subcutaneously) or N-ethylmalei-
mide (5 mg, subcutaneously), alone or 10
minutes after intragastric administration
of prostaglandin F,5. The rats receiving
sulfhydryl blockers alone were given
ethanol after 20 minutes and killed 1 hour
later. The others were given ethanol af-
ter 30 minutes and killed 1 hour later.
The stomach was removed and opened
along the greater curvature, and the se-
verity of hemorrhagic erosions in the
acid-secreting glandular mucosa was as-
sessed on a scale of 0 to 3. As docu-
mented in Table 1, the sulfhydryl drugs,
like prostaglandin F,g, significantly re-
duced the gastric erosions caused by
ethanol. On the other hand, the sulfhy-
dryl blockers induced no cytoprotection
and also counteracted the cytoprotective
effect of prostaglandin F»g. These doses
of sulfhydryl drugs or blockers signifi-
cantly altered the concentration of non-
protein sulfhydryls in gastric mucosa.
The concentration’ of nonprotein sulf-
hydryls was 53.1 = 2.8 X 1075 mole
per gram of tissue (wet weight) in con-
trol stomachs and 85.6 + 6.6 X 1077
(P < .01, Student’s #test) and 98.0 =
10,9 x 1073 (P < .001) mole per gram 30
minutes after administration of cyste-
amine and penicillamine, respectively.
In contrast, 20 minutes after injection
of iodoacetemide or N-ethylmaleimide,
nonprotein sulfhydryls decreased to
358+ 22x 1077 (P<.005) and
40.5 £ 2.5 x 107 (P < .05) mole per
gram, respectively. Furthermore, admin-
istration of cysteamine (1, 5, 10, or 30 mg
by gavage, 30 minutes before ethanol
was given or before the rats were killed)
caused a dose-dependent increase in
nonprotein sulfhydryls and a decrease in
ethanol-caused mucosal erosions (Table
2) (11). These data are additional evidence
of the importance of nonprotein sulfhy-
dryls in gastric mucosal cytoprotection.

These findings indicate that ethanol-
induced erosions in rat gastric mucosa
are preceded by a substantial decrease in
the concentration of nonprotein sulfhy-
dryls, of which the major fraction is
reduced glutathione (6, 7). Moreover,
sulfhydryl-containing drugs exert a gas-
tric cytoprotective effect similar to that
of prostaglandins. In earlier studies
doses of cysteamine comparable to those
used in this study also increased the
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Fig. 1. Effect of ethanol on the concentration
of nonprotein sulfhydryls in rat gastric muco-
sa and liver. Each point represents the mean
(% standédrd error) for six to eight rats. Ani-
mals were killed 5 minutes after receiving
ethanol (/0). The results were analyzed by
Student’s r-test.

concentration of nonprotein sulfhydryls
in the gastric mucosa (/2). Thus both
endogenous and exogénous nonprotein
sulfhydryls may provide gastric cytopro-
tection when present in the gastric muco-
sa in adequate amounts. The inability of

prostaglandin F,g to exert its cytoprotec-
tive effect in the presence of sulfhydryl
blockers suggests that endogenous sulf-
hydryls facilitate this beneficial action of
prostaglandins,

Although nonprotein sulfhydryls ap-
pear to be involved in gastric cytoprotec-
tion, their mechanism of action remains
unknown. Because of their exposed sulf-
hydryl groups, nonprotein sulfhydryls
bind a variety of electrophilic radicals
and metabolites (7) that may be damag-
ing to normal cells. If radicals or metabo-
lites with an affinity for sulfhydryl
groups accumulate during ethanol-in-
duced gastric mucosal injury, nonprotein
sulfhydryls, especially  glutathione,
might reduce their concentration and
thus facilitate cytoprotection. Interest-
ingly, the concentration of nonprotein
thiols is high in organs that are highly
exposed to noxious chemicals (6, 12).
Furthermore, reduced nonprotein sulf-
hydryl compounds may influence the
structure of gastric mucus or gastric

Table 1. Effect of sulfhydryl drugs and blockers on gastric cytoprotection following ethanol

administration.
Gastric erosion
Group Pretreatment Scale*
N Mean Pt
0 1 2 3
Controls
1 None 0 7 16 3 26 1.9
2 Prostaglandin Fp 4 7 1 0 12 0.7 .0003
Sulfhydryl drugs
3 Dimercaprol S 8 1 0 14 0.7 <,0001
4 Cysteamine 10 2 0 0 12 0.2 <.0001
5 Dimercaptosuccinic acid 6 3 0 0 9 0.3 <.0001
6 Penicillamine 3 4 1 0 8 0.8 .0025
Sulfhydryl blockers
7 Iodoacetamide 0 0 2 1 3 2.3 2519
8 N-Ethylmaleimide 0 0 1 5 6 2.8 .0038
9 Iodoacetamide + prosta- 0 1 S 0 6 1.8 9615
glandin Fyq
10 N-Ethylmaleimide + 0 0 1 6 7 2.9 .0016

prostaglandin F,g

*Categories are as follows: 0 = normal; 1 = one to four small petechiae; 2 = five or more petechiae or

hemorrhagic streaks up to 4 mm; 3 = erosions longer than 5 mm or confluent hemorrhages.

+Results for

the treatment groups were compared against those for the control group with a two-sided Wilcoxon rank-sum
test incorporating a large sample approximation (/4). Controlling for an overall type 1 error rate of .05, we
used @ = .05/9 = .0056 for each comparison. This is a conservative criterion; the probability of a type 1 error

is somewhat lower than .05.

Table 2. Relation between severity of ethanol-induced gastric erosions and concentration of

nonprotein sulfhydryls in the mucosa.

Nonprotein Gastric erosion®
sulfthydryls
Group Pretreatment (x1073 Scale M )
- N ean P
mole/g) 0 1 ) 3
1 None 76.1 £ 4.9 0o 0 9 3 12 2.3
2 Cysteamine, 1 mg 69.6 = 10.9 0 1 5 0 6 1.8 2234
3 Cysteamine, 5 mg 103.8 = 26.7 0 4 20 6 1.3 .0131
4 Cysteamine, 10 mg 127.0 + 25.2% 2 2 2 0 6 1.0 0125
5 Cysteamine, 30 mg 253.1 + 23.0% 6 2 1 0 9 0.4 .0005

*These rats were given 1 ml of 100 percent ethanol 30 minutes after receiving cysteamine. They were killed 1

hour later.
dent’s r-test.

tTwo-sided Wilcoxon rank-sum test with large sample approximation.

£P < .005, Stu-
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membrane glycoprotein. Reduction of
the disulfide bridges in gastric mucus
markedly alters its physical state by con-
verting it from a water-insoluble gel to a
water-soluble form (8). Derivatives of
the sulfhydryl-containing amino acid
cysteine have been shown to liquefy
mucus (/3). However, if mucus plays a
role in gastric cytoprotection, its optimal
form, gel or liquid, is not known. Anoth-
er possibility is that tissue thiols mediate
cytoprotection by enhancing prostaglan-
din synthesis or inhibiting prostaglandin
breakdown.
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Gonadal Hormones Induce Dendritic Growth in the

Adult Avian Brain

Abstract. Ovariectomized adult female canaries were treated with physiological
doses of testosterone, dihydrotestosterone, or estradiol. Singing, which is typical of
males, occurred in the testosterone-treated birds but not in any of the other birds.
The effect of these hormones was assessed on dendrites from a class of neurons in
the nucleus robustus archistriatalis (RA), a forebrain nucleus for song control. The
RA neurons of the testosterone-treated birds had dendpritic trees resembling those of
intact males. The RA neurons of the estradiol- and dihydrotestosterone-treated birds
resembled those of intact females. All hormone-treated groups had dendrites that
were significantly longer than those of untreated ovariectomized females. Thus
gonadal hormones induce dendritic growth in the adult avian brain.

Plasticity in the central nervous sys-
tem is often thought to be a property of
the very young brain. In the develop-
ment of sexually dimorphic neural sys-
tems, the role of steroid hormones is
believed to be most powerful at early
stages (/). We here report experiments
that show that steroid hormones can also
play a powerful role in inducing neural
plasticity in the adult brain.

The canary song system offers the
possibility of relating differences in the
adult hormonal milieu to altered neuro-
nal organization and changed behavioral
capabilities. Several discrete brain nuclei
are responsible for song control in this
species (2). Normally, males sing and
females do not. This behavioral dimor-
phism is reflected in the volume of brain
song control nuclei (3). Sexual dimor-
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phism is also present at the microana-
tomical level. We have recently shown
that the length and distribution of den-
drites of cells in a telencephalic song
control nucleus, the nucleus robustus
archistriatalis (RA), are highly dimorphic
in adult male and female canaries (4, 5).
The overall volume of RA increases after
testosterone administration to adult fe-
males (6), a treatment that also induces
females to sing in a male-like manner (6).
The present experiment was planned
to assess neuronal consequences of ad-
ministering gonadal hormones to ovari-
ectomized adult female canaries, and to
relate these effects to the microanatomi-
cal configuration seen in intact adult
male and female canaries. We studied in
detail a neuron type with long, sinuous,
spiny dendrites within RA. These cells,
which stain reliably and can easily be
distinguished from other cell classes
within RA, were the object of our previ-
ous work assessing neuroanatomical sex
differences in intact canaries (5).
Thirty-six female canaries were ovari-
ectomized between 12 and 16 days after
hatching. When they were 11 months of
age we implanted in each bird a Silastic
tube containing testosterone, dihydro-
testosterone (DHT), estradiol (E), or
nothing (ovariectomized control) (7).
Three weeks later we made tape record-
ings of the birds that were singing. At 4
weeks after implantation the birds were
killed and their brains were removed and
stained by a rapid Golgi procedure (5).
The brains were sliced at 100 wm in the
plane of Stokes et al. (8). Cells of the
type in which we were interested were
found in RA in the brains of six testoster-
one-treated birds and seven each of the
E- and DHT-treated birds and the ovari-
ectomized controls. A computer-micro-
scope system was used to record the
coordinates of at least ten cells each
from the right and left hemispheres of the
brains in each group. As in earlier stud-
ies comparing cells of this class from
male and female canaries (5), we de-
scribed all dendritic branches, including
those in adjacent tissue sections, using
three-dimensional coordinates. We then
analyzed the data by measuring dendritic
branch lengths at different orders of
branching from the cell body and by the
Sholl concentric sphere analysis (9).
Each of the testosterone-treated ovari-
ectomized females sang vigorously. No
other ovariectomized female sang. How-
ever, in studies of hormone dosages we
observed that six intact females treated
with DHT-filled Silastic tubes like those
used in the present study also sang vigor-
ously. Thus testosterone, or a combina-
tion of its metabolites E and DHT, seems
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